Dose response was assessed in a subgroup of neuaptic calcium transients, neurons were voltage clamped at Ϫ60 mV in 0.25-0.5 mM Mg 2ϩ ACSF to enhance detecrons (n ϭ 5; all concentrations tested in each neuron) using a broad range of hypocretin-2 concentrations (1 tion of NMDA-mediated synaptic transients. Spontaneous EPSCs were measured continuously during scannM to 300 nM). An example is shown in Figure 1D and a dose response curve in Figure 1E . The high sensitivity ning. Regions of dendrite with several spines in focus were selected for imaging. To minimize risk of photo-(EC 50 ϭ 16 nM) is congruent with that previously shown for the sensitivity of the somatodendritic hypocretin rebleaching and phototoxicity, scans were taken at intervals of 2 or 3 s during baseline, bath application of ceptor 2 to the hypocretin-2 peptide in the thalamus (Bayer et al., 2002) . Since the hypocretin-1 (orexin A) hypocretin, and washout. To assess calcium influx through voltage-gated calcium channels during spiking, peptide also has high affinity for the hypocretin receptor 2 in addition to the hypocretin receptor 1 (Sakurai et al., a depolarization-induced burst of spikes was triggered late in the washout period or, occasionally, in a separate 1998), we measured dose response for this peptide in a subgroup of neurons (n ϭ 4 neurons; all concentrations scan of this region. A burst was used because the regions sampled included dendrites in layer I, which tested in each neuron) and found sensitivity (EC 50 ϭ 40 nM) congruent with that shown for the sensitivity of the showed minimal change to a single spike as expected from previous work (Helmchen et al., 1999). somatodendritic hypocretin receptor 2 to the hypocretin-1 peptide in the thalamus (Bayer et al., 2002).
Only a small subset of spines showed significant changes during application and washout of hypocretin, In contrast with neurons recorded in medial prefrontal cortex, layer V pyramidal neurons in parietal cortex in while a burst of action potentials increased the G/R ratio in all spines. Spines showing a change with hypocretin the same slice--a region innervated sparsely by the midline and intralaminar thalamic nuclei (Berendse and at least four standard deviations from baseline (Z Ն 4) were classed as "responders." Above this Z score, a Groenewegen, 1991)--showed only a minimal increase in sEPSCs in response to bath application of hypocretindramatic change is observable to the naked eye; see, for example, the spine in the inset of Figure 2B . All 2 peptide or the hypocretin-1 peptide (100 nM, n ϭ 6 responding spines showed repeated, large calcium tranneurons), as illustrated in Figure 1F .
sients during the time period that hypocretin-induced For all further experiments, we used only the hypocresEPSCs were detected electrophysiologically (voltage tin-2 peptide because of its selectivity in activating hysweeps shown beneath two-photon images in Figure pocretin receptor 2. Hence, "hypocretin" or "hcrt" refers 2B). Due to the periodic nature of our sampling parameto hypocretin-2 peptide in all subsequent discussion of ters, these calcium transients give only a minimum limit results and figures.
for the number of postsynaptic events at each spine. Responding spines (n ϭ 7, from six regions of denHypocretin Triggers Repeated Postsynaptic drite) were all found on branches of the apical dendrite, Calcium Transients in a Subset of Spines including branches in the apical tuft (past the main bifurTwo-photon imaging was used to identify synapses at cation), as described in Table 1 matter of the cingulum en route to prefrontal cortex in Marini et al., 1996).
Calcium Transients Appear Selectively in Spines Receiving Thalamic Input reversibly attenuated calcium transients in response to
After filling layer V pyramidal neurons with Oregon green hypocretin without blocking hypocretin-induced sEPSCs and Alexa 594 (n ϭ 4 neurons in 4 slices), we found (n ϭ 3; data not shown).
scattered appositions in the x-y plane between labeled In the same neurons in which at least one region with boutons and dendritic spines. As shown in Figure 4 , the a responding spine was detected, no responding spines combination of Oregon green and Alexa 594 rendered were detected in an additional 14 regions of apical (n ϭ the pyramidal neurons orange in appearance and hence 10) and basal dendrites (n ϭ 4) scanned. These 14 rereadily distinguishable in a merged image from the gions contained 77 spines in focus that responded to purely green PHAL488-labeled boutons (e.g., apposispiking but not to hypocretin. In all regions scanned, tions shown in inset figures; Figures 4A and 4B). Just 7/106 spines responded to hypocretin. All responding as only a fraction of spines responded to hypocretin in spines were on branches of the apical dendrites. While our previous experiments, apparent appositions bethe above results showed that a small subset of spines tween labeled boutons and spines were infrequent. Alexhibit calcium transients in response to hypocretin, it though a systematic survey was not attempted, the ocwas not possible to determine by this approach whether currence of appositions appeared greatest on branches these spines were differentiated from nonresponding of the apical dendrite, particularly beyond the main spines by the presence of thalamocortical input. branch point, similar to the distribution found previously for responding spines. As the occurrence of appositions does not prove functional synaptic junctions, we studied Labeling Thalamocortical Projections Although the apical dendritic location of the responding the actions of hypocretin at spines with apparent appositions, using calcium imaging techniques as described spines would be congruent with excitation of direct thalamic input, these findings do not identify which glutaabove. Of seven regions imaged containing apparent apposimatergic projections are excited by hypocretin. Further experiments were pursued to test our hypothesis that tions in the x-y plane between an orange spine head and a green PHAL488-labeled bouton, there were eight the increase in glutamatergic sEPSCs seen in layer V neurons resulted from direct stimulation by hypocretin spines that appeared to abut seven PHAL488-labeled boutons (see Figure 4B for an example of two spines of thalamic boutons terminating on these cells.
Projections from the midline and intralaminar thalamic appearing to touch the same bouton). Hypocretin induced significant calcium transients at the level prenuclei to the anterior cingulate were labeled by electroporation with the anterograde tracer Phaseolus vulgaris viously defined as a "response" in seven out of eight of these spines. By contrast, only 2 out of the 26 control conjugated with Alexa 488 (PHAL488) in vivo 2-4 days before recording. Figure 3A shows a two-photon image spines (in focus but not in apposition to a labeled bouton) responded to hypocretin, showing that spines that of thalamic neurons filled with PHAL488 in a coronal slice through the anterior thalamus. Figure 3B shows have appositions represent a significantly different population (Chi-square test: 2 ϭ 20; df ϭ 1; p Ͻ 0.0001). It filled thalamocortical axons coursing through the white (A) Red, green, and ratio measurements from two spines on a short segment of apical dendrite: measurements from spines with red and blue arrows are shown by red diamonds and blue squares, respectively. Frames were acquired before (image 1), during (image 2), and after (not shown) the burst of spikes shown to the right. Note red intensity did not change during spikes, whereas spike-triggered calcium entry results in large increases in both green intensity and the green to red (G/R) ratio (seen in merged image as a shift from orange to yellow). Scale bar, 5 m.
(B) Merged image shows another region of apical dendrite with multiple spines in focus. G/R ratio measurements for two example spines are shown in red and blue, respectively. Images of this portion of dendrite were acquired every 2 or 3 s during baseline (e.g., image 1), during hypocretin-induced sEPSCs (e.g., image 2), washout (not shown), and during a brief period of spiking triggered by depolarization (image 3). Inset shows region from yellow rectangle at higher magnification. Large, hypocretin-induced calcium transients (denoted by "*") were seen in the spine marked with the red arrow. Scale bars: regular, 5 m; inset, 1 m. Voltage-clamp sweeps illustrate electrophysiological activity, recorded at the soma, during the period in which the above frame was acquired. (C) Graph showing that a group of spines (n ϭ 7, red bars) showed peak G/R ratios during hypocretin which were similar or larger to those induced by spikes. By contrast, nearby spines in the same frames (n ϭ 22, blue bars) behaved like the typical spine with little or no change from baseline during hypocretin application and large increase in G/R ratio seen only when spiking was induced (*p Ͻ 0.001, comparing mean Z peak during hypocretin in responders versus nonresponders). Two weeks prior to cutting slices and recording, a subgroup of animals received radiofrequency lesions to the anterior-dorsal left thalamus. Surgery was performed as described above. An insulated Two-Photon Calcium Imaging and Analysis #1 insect pin was lowered through a burr hole to the same coordiWe used a two-photon laser scanning system consisting of a Ti:sapnates as above. A radiofrequency current (20 mA, 1000 kHz) was phire laser (Mai Tai, Spectra Physics, Mountain View, CA) tuned to passed for 1 min. The pin was removed and the incision sutured. wavelength 810 nm and a direct detection Bio-Rad Radiance 2100
All animals recovered quickly and were in good health during the 2 MP (Bio-Rad Microscience, Hemel Hempstead, UK) on an Olympus week, postlesion period allowed for degeneration of thalamocortical BX50WI microscope (Olympus, Melville, NY) with an ϫ60, 0.9 NA boutons. For recording, slices were positioned to allow access to water-immersion objective (Olympus). Green and red emitted fluothe medial prefrontal cortex on both hemispheres. Neurons from rescence were separated with a dichroic DC560LP (Olympus) and prefrontal cortex contralateral to the lesion were used as controls. filtered with HG515/30 and HQ620/100 filters (Olympus), respectively.
The thalamus was also sectioned to verify the position of the lesion. 
